Very long chain lipids of human meibum 
Introduction.
Meibum is a lipid-rich secretion that is produced by Meibomian glands located at the ocular lid margins of both upper and lower eyelids of various mammals and humans. Meibum is an intrinsic part of the human tear film (TF), the main role of which is to protect the ocular surface from dehydration. Among other proposed functions of the tear film are antimicrobial, lubricatory, and nutritional ones. For general information on meibum and TF, the reader is advised to read earlier comprehensive reviews published by various laboratories during the last few decades (1) (2) (3) (4) (5) (6) (7) (8) . In TF, meibum is believed to form its outermost layer which retards evaporation of water from the bulk of TF and from the ocular surface beneath it (7) . Yet another function of meibum is to form a hydrophobic barrier along the margins of the eyelids (a.k.a. Marx's line) to contain TF at, and prevent it from leaking out of, the designated ocular surface area (2) . These protective functions imply a very hydrophobic nature of meibum.
Indeed, the major meibum components were identified as various wax esters (WE) and cholesteryl esters (CE) with long chain and very long chain FA (9-11). The information on acylglycerol content of meibum is more limited as no definite structural information on the putative meibomian acylglycerols is currently available (12, 13) . Interestingly, lipidomic analyses of human meibum demonstrated that its composition is distinctively different from that of sebum. For example, free cholesterol, squalene, ceramides (Cer) and typical phospholipids were shown to be minor components of meibum (9-11, 14, 15) , while they dominated in the skin (16, 17) . Meibum has been analyzed using various experimental 4 of various compounds of CE, WE, and TAG families observed in our earlier experiments with meibomian lipids made unambiguous characterization of these particular lipid classes somewhat difficult and necessitated elaborate fragmentation studies designed to overcome this problem (15) . In this manuscript, we will concentrate on lipidomic analysis of various species of WE and related compounds by utilizing reversed-phase (RP) HPLC-MS, which was to provide better separation of very hydrophobic analytes detected in normal human meibum. This would enable us to compare them side-by-side with authentic lipid standards, where available.
Materials and Methods.

Materials, Reagents and Equipment.
Authentic WE, FAl and FA derivatives were purchased from Sigma-Aldrich (St. Louis, MO) and Nu-Chek Prep, Inc. (Elysian, MN). HPLC or spectroscopy grade solvents used for making lipid stock solutions and HPLC eluents were manufactured by Burdick & Jackson 
Sample collection.
The samples of normal human meibum were collected from both lower and upper eyelids of seven volunteers (three males and four females) using a platinum spatula, dried, and stored exactly as described earlier (9) (10) (11) 15) . The samples were used for structural analyses of meibomian lipids only -no conclusions about the effects of gender, age, type of diet etc.
were to be made. Just before analyses, each sample was dissolved in an appropriate amount of a n-hexane:propan-2-ol (1:1, v/v) solvent mixture HP to make a ~1mg/mL sample stock 5 solution. The study was approved by the UTSouthwestern Medical Center Institutional Review Board and was conducted in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice (GLP).
Epoxidation of MGS.
Unsaturated compounds of MGS (~0.1 mg, dry weight) were epoxidized by incubating the sample for 15-min in 1 mL of 3% solution of peroxyacetic acid in solvent HP at 70 o C under nitrogen. Then, the solvent was evaporated to dryness at 35 o C under a stream of nitrogen.
Synthesis of (O-oleoyl)-16-hydroxypalmitic acid.
10 µmoles (~3 mg) of oleoyl chloride were dissolved in 2 mL of CHCl 3 in a glass reaction vial and 10 µmoles (~2.7 mg) of 16-hydroxypalmitic acid were added to the mixture. Then, the vial was sealed, the mixture was warmed up to 70 º C in a dry block heater and kept at that 
Sample analyses using reversed phase HPLC-MS.
The samples were analyzed by RP HPLC-MS using a slightly modified version of a protocol described in our recent paper on CE in meibum (11). Dry meibum samples were dissolved in the solvent HP to yield ~1 mg/mL stock sample solutions. A 2 mL HPLC-MS-certified vial with a silicon-free PTFE cap was used. A C18 Hypersil Gold column was equilibrated with an acetonitrile : propan-2-ol : 5 mM aqueous ammonium formate = 45:50:5 (vol/vol/vol) solvent mixture at 35°C. The flow rate was maintained at 0.2 mL/min during the entire experiment. A sample aliquot (from 0.5 to 7 µL; larger injection volumes severely degrade the shapes of the HPLC peaks) was injected using an autoinjector, and the elution started by linearly changing the eluent's composition from the original one to 5:90:5 over the course of 35 min. Then, the elution continued isocratically for another 10 min, after which the solvent by guest, on October 30, 2017 www.jlr.org
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composition was changed back to the original 45:50:5 over the next 1 min, and the column was re-equilibrated for another 14 min with the initial solvent mixture.
The entire effluent was directed to the ion source of the mass spectrometer. As WE easily form adducts with protons, ammonium, sodium, and potassium ions (9, 10) see (10) for more details). Thus, one can conclude that our preliminary data on the major unsaturated WE found in human meibum was confirmed in our new RP HPLC-MS experiments.
However, oleic acid-based WE (C 18:1 -WE) were not the only type of WE found in human meibum. Most of the major detected WE species were accompanied by a group of relatively minor, but still visible compounds which apparently differed from the major compound in The incremental changes in the RT of WE standards obeyed a simple equation 1 similar to that one employed in a preceding paper on cholesteryl esters found in meibum (11): Epoxy-FA, in particular 9,10-epoxy-C 18:0 -and 11,12-epoxy-C 20:0 FA, were reported earlier to be present in combined CE/WE fractions of human meibum in noticeable quantities (18) . The epoxy compounds were detected and identified gas chromatographically after transesterification of an entire meibum sample. However, none of the epoxy-containing species have ever been detected and identified in its intact, unmodified form. In an attempt to further characterize WE species present in human samples, molecular masses of a series of hypothetical epoxy-WE of a general formula C n H 2n-2 O 3 were computed (Scheme 1 and Table   1 ). These compounds were assumed to be based on 9,10-epoxy-C 18:0 and 11,12-epoxy-C 20:0 FA. Their FAl components ranged from a relatively short C 17:0 to a very long chain C 32:0 .
First, two samples of authentic cis-and trans-9,10-epoxy-C 18:0 FA methyl esters were tested (Fig. 8A) (Fig. 9) . Their tentative assignments are presented in Scheme 2. Ion m/z 299 is of especial importance as it allows us to directly detect the epoxidized FA moiety of esters.
As an example, let's consider a series of four related WE which, according to previous reports (9, 10), were likely to be found in meibum. Two of these compounds are based on rationale were applied to evaluate other WE found in meibum, and the results confirmed our earlier conclusions about their structures. An interesting result of our experiments is a lack of observed epoxy-WE in meibum, both fresh and one-year old.
To verify whether meibum WE could be converted to the corresponding epoxyderivatives, and to generate their samples for further in-depth bioanalytical studies, an aliquot of MGS solution in the HP solvent was treated with peroxyacetic acid as described in Materials and Methods. Then, both treated and untreated samples were analyzed by HPLC-MS side by side. Indeed, epoxidation of meibum lipids with peroxyacetic acid dramatically changed their mass spectra (Fig. 10) . Note that the mass-to-charge ratios of the major 
Very long chain (O-acyl)-ω-hydroxy fatty acids.
Another group of WE-related, but poorly characterized, compounds was identified in meibum. These compounds were detected in the negative ion mode as a series of HPLC peaks with RT between 8 and 12 min with ions m/z 729.9, 757.9, and 785.9 being the major ones (Fig. 11) . A range of related compounds with varying degree of unsaturation, chain lengths, and locations of their hydroxy groups were detected, as well. As these compounds were visible as anions, they either: 1) had an easily ionizable acidic group(s) in their structures; 2) formed adducts with acidic components of the HPLC eluent (i.e. formate), or, (Table 2 ). Experiments are in progress to elucidate their structure in more details.
Discussion.
Earlier, we presented our initial results on the characterization of the major nonpolar lipid species found in human meibum (9) (10) (11) 15) and AT (15 (25, 26) . If the compounds in question are in fact present in normal meibum, their molar ratio to other meibum lipids (primarily, WE and CE) is extremely small, and it seems to be unlikely that they could possibly play any structural role in the normal TF. Recently, we discussed in details CE found in human meibum (11). Thus, the focus of this manuscript is on the second major group of lipids in meibum, namely WE and related compounds.
To characterize WE, we chose RP HPLC. Unlike NP HPLC technique used to characterize lipid classes ( Fig. 1 and (9, 10) , RP HPLC was to separate the individual members of the WE class based on their hydrophobicity, i.e. chain length, unsaturation, degree of oxidation, etc. Indeed, RP HPLC had provided separation of various CE species (11), and was effective in separating WE, too ( ozonation of the hydrolyzate, followed by gas-liquid chromatography (GLC) or gas chromatography-mass spectrometry (GC-MS) (28) . The experiments are in progress to address these issues. In any case, it seems likely that a change in the location of a double bond in a molecule would have some impact on the RT of the isomeric compound. The cis,trans geometry of the double bonds was also shown to have a noticeable effect on the RT of the corresponding geometrical isomers (29) . Thus, we analyzed the chromatographic patterns of selected ion families (as an example, ions m/z 641, 643, 645, and 647 were considered; other tested families of ions followed the trend) and found that the number of detected HPLC peaks for a given ion was proportional to the degree of unsaturation of the corresponding compound ( Theoretically, the presence of one, or more, double bounds in their structure may make lipids susceptible to enzymatic and/or nonenzymatic (per)oxidation. One of the possible types of oxidation products reported earlier is the formation of lipid epoxides (18) . Epoxides can be formed in vivo enzymatically or nonenzymatically (30) . Under normal conditions, direct attachment of oxygen to the double bonds is unlikely (31) . However, their enzymatic epoxidation through, for example, cytochrome P450 is a possibility. CYP2B12 transcripts were found in the mouse skin and meibomian glands (32, 33) studied, among the others, the cytochrome P450 gene regulation by 17β-estradiol in mouse meibomian glands (33) . Its CYP1B1 variant was localized in various human ocular structures, including cornea (34).
Yet, our experiments did not produce any evidence of the epoxides of free FA and WE being a noticeable part of human meibum (Table 1 and Fig. 10 ). This was in contrast with earlier findings of Shine et al (18) What physiological significance these compounds may have? In skin, they a part of a family of very long chain (O-acyl)-Cer (35) . Recently, the latter were linked to a vital function of skin permeability (35, 36) . However, neither (O-acyl)-Cer, nor regular Cer were found in our studies as the major meibum components. Thus, OAHFA should play some other role in meibum and TFLL. A striking difference between them and the meibum lipids of regular type (WE, CE, and TAGs) described in our earlier publications is that OAHFA are carrying an overall negative charge due to their free carboxyl groups, while the other lipids are electroneutral and very hydrophobic. Indeed, the carboxyl group of a typical aliphatic compound has a pK a value of around 4.5, which may slightly change one way or the other depending on the chain length and the solvent. However, under the conditions of physiological pH (~7.5 for tears (37) ) a large part of these groups is ionized thus providing them amphiphilic and surfactant properties. With the absence of appreciable amounts of phospholipids, Cer, MAG and DAG in meibum (9) (10) (11) 15) , OAHFA are perfect candidates for fulfilling the role of a somewhat elusive amphiphilic barrier between the postulated very thick nonpolar TF lipid sub-layer formed of WE, CE, TAG etc., and the underlaying aqueous layer which is in contact with the cornea (38) . Thus, a finely tuned balance between OAHFA and other, less polar, components of the human TFLL could play a role in its stabilization.
Future work will address this hypothesis. 
